Abstract: High-quality ZnO (Zinc oxide) nanorods grown on Si substrate have been synthesized for hydrogen gas sensor application through a low-cost catalyst-free process by thermal evaporation at 800 º C. The morphological, structural and optical properties of the ZnO nanorods have been examined. In this study, Pd/ZnO/Pd MSM (Metal-semiconductor-metal) gas sensor has been fabricated based on the ZnO nanorods. The absence of a seed layer and the coalescence of ZnO nanorods were the key factors responsible for the high sensitivity of the gas sensor at room temperature. The sensitivity of ZnO nanorods is measured at different concentrations from 25 ppm to 150 ppm of H 2 gas at room temperature. The highest response of the ZnO/Si sensor was 110% in the presence of 500 ppm of H 2 . This high sensitivity can be attributed to the high surface-area-to-volume ratio of the nanorods between the Pd contacts of the MSM configuration.
Introduction


Leaked hydrogen fuel could have small negative effects on atmosphere. Using hydrogen as an energy carrier can help reduce air pollution and GHG (Greenhouse gas) emissions associated with fossil fuels. However, if used on a large-scale, it is important that hydrogen does not leak significantly into the atmosphere as it might have some negative environmental effects, such as increasing the lifetime of methane, increasing climate effects and causing some depletion of the ozone layer [1] . In recent years, low-dimensional systems have attracted tremendous interest in nanosensor applications due to their gas sensitivity, UV (Ultraviolet) photoresponse, and optical transparency in the visible region, among other features [2, 3] . In particular, quasi-one dimensional nanowires or nanorods are promising low-cost material for high-speed UV photoconductive nanoscale detectors and gas sensors [4] [5] [6] . In the past decade, research on wide band gap semiconductors has focused on ZnO (zinc oxide) due to its excellent properties as a semiconductor. Its high electron mobility, high thermal conductivity, good transparency, wide and direct band gap (3.37 eV), large exciton binding energy and ease of fabrication into micro-and nanostructures make ZnO suitable for a wide range of applications in optoelectronics, transparent electronics, lasing and sensing [7, 8] .
Nanorods are some of the most common forms of ZnO that possess several excellent properties, such as high sensitivity to adsorbed oxygen on the surface, excellent electric transport, high photo-sensitivity, optical wave-guiding, and large surface area-to-volume ratio [9] . Compared with the bulk materials used in gas sensors, such as thin films, nanorods have greater gas sensitivity and selectivity and lower operating temperatures [10, 11] . Room-temperature hydrogen gas sensors have received a great deal of interest for use in several applications because of the extremely low power consumption, ability to be used safely in flammable environments, and long lifetime [12] [13] [14] . For gas sensing applications, ZnO is one of the promising D DAVID PUBLISHING metal oxide wide band gap semiconductors [16] . In gas sensing, ZnO has been tested for sensing harmful and toxic gases [15] . A common concern about gas sensors based on ZnO thin films is the lack of selectivity and higher operating temperature. In general, its optimum operating temperature range is 400-450 ˚C [16] . Also, Ref. [17] used Pt-coated ZnO nanorods as sensors that were capable of detecting part per million (ppm) concentrations of hydrogen at room temperature. According to the previous reports, the sensitivity of ZnO to gas may be affected by nanostructure surface defects and post-growth annealing in H 2 or O 2 ambient [18] . In this study, an alternative method to synthesize high quality ZnO nanorods on SiO 2 /Si by using thermal evaporation method without catalyst is presented. The simplicity, lower cost and suitability of this method in producing high structural and optical quality ZnO nanostructures are very promising for efficient sensing applications; Particularly, the high surface area to volume ratio is the major factor responsible for high performance of the sensors fabricated based on ZnO nanorods.
Matreials and Methods
Synthesis of ZnO Nanorods
The synthesis process was carried out in a The furnace was slowly heated from 400 º C to 800 º C.
After reaching 800 º C, argon (Ar) was introduced with flow rates of 350 scrums, respectively, for 1 hour. After the evaporation, the alumina boat was slowly drawn out from the furnace and cooled to room temperature. A white layer of ZnO was observed on the Si substrate surface. The thickness of ZnO thin film was around 200 nm was measured by reflectometer (F20). The surface morphology and structure of the ZnO nanostructures were examined by SEM (Scanning electron microscopy) JEOL, attached with an energy dispersive X-ray spectroscopy (EDS). The HR-XRD (High resolution X-ray diffractometer) was used for phase identifications.
Fabrication of Gas Sensor
The (I-V) measurements of the sample were carried out using the Keithley model 2400. Fig. 1 shows the schematic diagram of the gas sensing system. To fabricate a diode gas sensor, MSM with interdigitated contacts (electrodes) forming Schottky barriers was used.
The four fingers of each of the Pd contact electrodes were 0.23 mm wide and 4 mm long, with 0.4 mm spacing, as shown in Fig. 2 . The gas sensing experiments were carried out by using a homemade gas sensing chamber. For characterization of the gas sensing device, the test fixture was placed in the chamber with wires connected from the probes to Keithley device to measure the current voltage (I-V) characteristics of the sample. The voltage was biased from 5 V to − 5 V and different concentrations of 2% H 2 in N 2 gas were used in this experiment. 
Results
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These surface-area surrounding fully occurs (Fig. 3) . ows the hexa nanorods. St o the (002) p d (Fig. 4) e , which results in increased resistivity. In this work, the Pd/ZnO/Pd gas sensor has been successfully fabricated using high-quality ZnO nanorods. Fig. 5 shows the I-V characteristics (linear scale plot) of the Pd/ZnO nanorods hydrogen gas sensors measured for different concentrations (25, 50, 75, 100, 125, and 150 ppm) of H 2 gas at room temperature (300 K). The sensor was found to show good behavior with remarkable increasing of current at different concentrations of H 2 gas with bias voltage from 5 V to -5 V for ZnO deposited on Si substrate. The increment of the current in the presence of hydrogen may be due to a decrease in the barrier height between the Pd/ZnO interfaces after H 2 adsorption. The sensitivity (S) was determined as the ratio (∆R gas /R air ) of the resistance in hydrogen gas (R gas ) to that in air (R air ) or also could be measured as a reference to the current (∆I gas /I air ) of the current in hydrogen gas (I gas ) to current in air (I air ), at fixed applied voltage (1 V). Fig. 6 shows the variation of sensitivity with the H 2 different concentrations at room temperature for Pd/ZnO recorded at 1 V in forward current mode. One may observe that the sensitivity increased gradually with the hydrogen flow rate for this device.
From Fig. 6 , it could be seen the sensitivity at high concentration of hydrogen gas (150 ppm) was around 110% for ZnO nanorods at room temperature; this could be due to the improvement of the structural properties of the ZnO nanorods. On the other hand, this might also be due to the increase of the internal surface area, which allows the enhancement of the adsorbate effects; and high activity in surface chemical reactions [19] . Furthermore, this observation coincides with the fact that ZnO/Si sample have a large specific area and therefore provide a large contact area, hence giving it a higher chance to react with gases and increase the sensitivity. The series resistances evaluated from the I-V curves for Pd/ZnO Schottky diode measured at 300 K with different concentrations of H2 gas are shown in Fig. 7 . The series resistance decreased exponentially upon the introduction of different concentrations of 2% H 2 in N 2 gas for the ZnO nanorods. A part from that, the response time is defined as the time taken for the sensor to reach 90% of the saturation current from initial value while the recovery time is defined as the time taken from saturation current to reach 10% of its saturation current value after contact of the test gas with the surface of the sensor. Measured resistance at a bias of 1 V as a function of time is shown in Fig. 8 for Pd/ZnO exposed to 2% H 2 in N 2 in constant concentration 150 ppm at room temperature. As can be clearly seen from Fig. 8 , the adsorption and desorption times for H 2 were set at 10 min (H 2 on) and 15 min (H 2 off), respectively. The response and recovery times measured for the sensor were about 5 and 6 min, respectively. Fig. 8 shows the analysis/plot of the rise time and recovery time as a function of H 2 gas concentration (150 ppm). Also, after the injection of hydrogen into the measuring chamber, the resistance of samples changes and becomes stable. After the removal of hydrogen, the resistance of samples reverts to values before hydrogen injection and becomes stable again. It may be seen that the maximum resistance could be attained in less than 10 min. The experimental results indicate the potential of using zinc oxide nanorods face for gas sensing based on Schottky Barriers of Pd/ZnO. Compared with conventional ZnO thin films, the observed enhancement in the gas sensing properties of the ZnO nanorods gas sensor is most likely attributable to the relatively higher degree of surface reaction due to the high specific surface area associated with the nanostructure. Also, a comparison of ZnO rods-like nanostructures with other nanostructures leads us to conclude that the gas sensing properties also depend on other factors, including crystallinity and surface properties, and these need to be studied further.
Conclusions
In summary, the growth of ZnO rods-like nanostructure arrays on Si substrates has been demonstrated at 800 °C . The hydrogen gas sensor has been fabricated based on ZnO nanorods synthesized by a catalyst-free thermal evaporation technique by simple and low-cost process worked at room temperature. The good response of the ZnO nanorods gas sensor was 110% when 150 ppm of H 2 gas was injected. The series resistance in the Pd/ZnO nanostructures was decreased exponentially with increasing the flow rate of H 2 gas. The enhanced sensitivity at a lower operating temperature for the ZnO nanorods is attributed to the reduction of grain size and increase in the surface area. As a consequence, the surface activity is enhanced, and the activation energy of the surface-chemisorbed H 2 gases is reduced, enhancing the H 2 gas adsorption.
